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( i 1.0 INTRODUCTION
oy
{::: -::'_
WO The determination of cetane number 1is important in
t- .~ characterizing the ignition quality of diesel fuels. As
Y. - stipulated by Military Specification, MIL-F-16384H, cetane
.l\ . . . . -

WS nurmker is determined via an engine test method, ASTM D 613
AR )
‘x\:; [(11. An approved alternative methed, ASTM D 976 (2]
Sy . . . .

’ involves a predictive equation of cetane number known as the
o ?‘ calculated cetane index. This 1is based on the mid-koiling
\"- 2T . . .

o point and density of the fuel. For purpcses of convenilence,
:}r; many refineries rely solely on the D976 methcd. However,
M because of problems such as biases (3] and inherent
oD - limitations that are associated with both the old [2al and
R revised D976 equations ([2b}, there 1is need for a cetane
- irdex (predictive equation) which gives better correlaticn
i .‘ between cetane number and cetane index.

Ay
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on a review of the 1literature [47, 9 puklished

1Y
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indices were selected for evaluation with resgect to
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correlations with cetane number. Selection of the
. indices was Dbased on the merits of their accuracv in
3
% JN : N s
OO pradicting the cetane number of the fuel as well as on thelr
SRS . . . .
SN simplicity. The historic Diesel Index, which was formulated
TN
» . — - . - P
p o= in 1934 5] and the old calculated cetane 1index, D376-56
- ! ’

L3 v - 5 . . .

e e [2a}!, were also included anmcng the 9 cetane indices or
o

- comparison purposes. Possible developnent of new
:} -7 corr=lations based on established parameters as well as on
vl o R . . .

i. simrle measurements such as refractive index and density was
1N also eman 3

":\

PN

~ “

S

~ 1‘:::

:. o

Py o,

GEO-CENTERS, INC.

L

<3 *

) \.

.-- -t L .' - - " W g A ./..*_1_. RN T R Sy | o, T ..--: AT T ”
NS S IO T O :"'\' R .a -l‘ "'.r";"-'”:'“: ‘("."‘: v N N R O R N N A O NS N NRIEIC0:




T Y T

The fuel set for evaluations of the various cetane indices

comprised 33 commercial marine fuels from 13 countries and

n were obtained from a U.S. Navy worldwide survey conducted in

1933. However, this entire set of fuels was not used in the
:ﬁ evaluations because of incomplete data for four fuels.
N Thus, evaluations of most of the cetane indices were
! limited to a maximun of 29 fuels.

In a preliminary 1investigation to determine the

o
- correlation of various refractive index/density trial
- expressions with cetane number, the fuel set involved 26 of
: the 29 previously mentioned fuel set. However, 1in the
‘ subsequent evaluation of a selected refractive index/density
.~_ trial cetane index, a maximum of 27 fuels was employed.
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= 2.0 EXPERIMENTAL

h 2.1 Fuels

-‘- . . .

& 2.1.1 Classification

' Based on the classification and composition given by the
e~ suppliers, the 33 commercial marine fuels comprised the
- following [6]:
. .

‘.

a) 19 marine gas oils (100% distillate products).

n . . . o

L E b) 8 heavy marine gas oils ( approximately 100%
distillates but may contain up to 0.5 volume %

’li residual contamination).

= c) 6 marine diesel fuels (mid-distillates typically
TS containing less than 10 volume % residuum).

v 7
2
[N

Note, although some of the fuels were found to be mis-

ny

classified, they were not re-classified after analysis [6].

2.1.2 Properties

A detailed description of the fuels including a list of
‘- thelr physical and chenical properties has been documented
by Burnettc et al. [67. Nevertheless, for convenience

purposes, a brief description of the fuels is given in

E Table 1. The properties enployed in the determinatiocn of
' the various cetane indices and their measured values for the
]Ej respective fuels are listed in Tables 2A, and 2B. Much of
) the data listed in Tables 1, 2A, and 2B were taken frecn the
i; pagar by Burnett et al. [6].

: =

¢ 3 GEO-CENTERS, INC.

"

A A R S L S R GV Y G A

- ML R AR O A A A A L R L N P A N AT AL e
5 ~ et AT AT A AN IR R N L N O N
B o S At o Y

s aly




RN N SR
N A

Exceptions include the distillation temperatures data,

which were obtained, in deg F, via private communication
from Sun Refining and Marketing Co., Pennsylvania (see Table
2A). This Company had performed all the analyses listed in
Burnett et al.'s paper [6]. Conversion of the distillation
temperatures data from deg F to deg C were made at the Naval
Research Laboratory (NRL):; likewise, the conversion of API
gravity measurements to density. The latter conversion was
performed using the formula given in ASTM D287 [7] (see
Appendix Bl.1.1, No.lb). The refractive index data,
included in Table 2B, are recent measurerents and were made
by Geo-Centers Inc., at the Naval Research Laboratory (see

Secticn 2.2.2.2).

Additicnal aniline point data (see Table 2B) were alsc
cktained for six fuels from the National 1Institute for
Petroleum and Energy Research (NIPER, Oklahoma). Four of
the six fuels were first~time determinations. Their aniline

ad not been determined by Sun Refining and Marketing

o]

O

b

o3
ot

u
n

Co., vossibly because they were classified as marine diesel
fuels. The remaining two fuels were repeats of thcse
determined by the Sun Co., for comparison purposes. Aniline
roint data for the repeat fuels by NIPER were in agreement

with Sun Company's data within 1-2 deg F.

1.3 Conposition

Ccrpositiconal analysis of the fuels, according to class

structure, 15 shown in Table 2C. The classes of compounds
szrarazed  1nclude saturates, monocyclic and dicyclic
arcmatics, fluorenes, and phenanthrenes. Analysis was

=7
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o
R~
a, 5-‘
t
“ﬁ?‘& performed by Dorn et al. at the Virginia Polytechnic
NS
- Institute, Blacksburg, VA ., using liguid

chrematography/proton nuclear magnetic resonance

f
il
Y - 3

- spectrometry average composition analysis ([8].
it
PO
N . . .
. The data, which were obtained as fractions of total
ey C s .
\ carbon of a specific compound class were converted to weight
M % by Geo-Centers Inc., at the Naval Research Laboratory (see
SO -
N Apprendix D1 for conversion method). It is this converted
LN . . . .
T data, 1.e., 1n wt % that is shown 1n Table 2C. However, as
B, . . .

shown 1in Appendix D2, the small differences between the

-p .
e measured % of total carbon and the calculated weight % for
i..h .'_, . .
SV the 29 fuels examlned suggest that the conversion to weight
Y
;ES o percent may not be necessary.
A R
pte o
@
N Cormpositiconal analysis, according to proten type, is shown
o . . . .

N S in Table 2D and 1s based on proton NMR analysis. The %
R . .
.sf proten type 1s relative to the total number of protons.
>, P . .
? 2 ﬁ| Analysis was performed at Southwest Research Institute

b, (SwRI) using a JEOL FX 90Q Fourier Transformn NMR
: spectroneter. The various types of assigned protons and
their chenmical shifts, which are listed in Appendix C, were

taken freom the paper by Bailey et al. [9].

P4

Rerrcducibility of the NIMR integrations using SwRI's FIDs

n (Free Inducticon Decay) was examined by Geo-Centers Inc., at

;;" the Naval Research Labkoratory (NRL). Each integraticn was

'j? ﬁ: pericrmed 1in triplicate and the average wvalues for the

:Eﬁ ) various types of assigned protcns were used in the

.ﬁ; - calculation of the SwRI cetane index for each fuel (see
;’ Arpendix E).
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2.1.4 Fuel Sets Emploved

Except for the refractive index/density correlation
determinations with cetane number, the fuel set for all the
cetane indices evaluated, comprised a maximum of 29 fuels.
This maximum was employed because the data for determination
of the various cetane indices were comnplete for only these

fuels.

However, subsequent evaluatiors of the cetane indices with
respect toc thelir correlations with cetane number were
performed on a 28 fuel set and to a limited extent, on the
29 fuel set. The 28 set included the same fuels as the 29
except for fuel, 83-10. This fuel was excluded because all
the «cetane 1indices of this fuel were found to be

significantly and consistently lower than its cetane number.

Possible explanations for the consistently lower cetane
indices for this fuel relative to its cetane number include
either the presence of an igniticen improver, or an error in
the determination of its cetane number, or both. Note, to
compare the predictability of the various cetane indices,
relative to each other, fuel sets containing the same fuels

were used in the evaluations.

In a reliminar investigation to determine the
Y

correlation of various refractive index/density trial

expressions wWith cetane nunber, the fuel set ccnprised 26 of
the 28 fuels mentioned previocusly. The 3 fuel set,
referred tc earlier, was decreased further because the

rafractive indices of 2 of these fuels could not be
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l& X accurately determined owing to their dark color. However,
Qj in the subsequent evaluation of a selected refractive
[y at . . . . .
{ . index/density trial cetane index, a maximum of 27 fuels, 83-
ro 10 included, was employed.
~
S
~ L,
v
~ .
N n 2.2 Cetane Indices
"\

- .
a

The 1indices that were evaluated included selected

Pl i
7.

Rl

o

published cetane indices (see Section 2.2.1) and trial
correlations (see Section 2.2.2). The trial correlations

comprised those based on established parameters (see Section

Y, |

2.2.2.1) as well as those based on simple measurements (see

’)

Section 2.2.2.2). Lotus 1-2-3 was employed in the

>,
¥

N PSRN
b "y
I 4

determination of the published cetane indices, as well as in

- the develcpment of new cetane indices, and in the evaluation

54

of all the cetane indices including regression analyses of

PN )

PR

cetane numker vs cetane index.

*

Al

o
)
]

2.2.1 Selected Published Cetane Indices

-

‘ ' These evaluated are listed below along with the parameters

;\'- enplcyed in their determinations. (See Appendix A for a

X X list of symbols pertaining to these parameters as well as

NI

:'ﬁ for the ASTM methods employed in the determination of these

‘ parameters; also, see Appendix B for the actual equations).
-,

N . 1. Calculated Cetane Index

A a. ASTM D 976-66: Mid-boiling point (deg F) and API

. . Gravity (deg API) [2a].
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\‘;t _
E_:. . b. ASTM D 976-80: Mid-boiling point (deg C) and

) density (at 15 deg C, g/mL); or same as (a) above
[ I [2p] .
e

} - 2. Ingham et al.'s Four Variable Equation: 10, 50, and
‘:':: - 90% distillation temperatures (deg C) and density (at
) L 15 deg C, g/mL) [10].
o

;" - 3. Improvement Equations of ASTM D976-80: Same
f;ﬁ = parameters as ASTM D 976-80.
-:_: E a. Collins and Unzelman Equation [3].
-\-.;-:; ‘ b. Ethyl Equation [11].
e

‘ '4 4 Canadian General Standards Board (CGSB) Cetane Index:
‘{' 10, 50, and 90% distillation temperatures (deg C),
'_f density (at 15 deg C, g/mL), aniline point (deg C),

and viscosity (at 40 deg C, cSt) [1l2].

T
»

r
.

4
.

]
.

G 5. Ingham et al.'s Aniline Point Equation: Aniline
oo Point (deg C) [10].
o
et . o . .
) [ 6 Diesel Index: Anlline Point (deg F) and API Gravity
o ’ (deg API) (5].

N

\

-.

SN .

win & 7. Scuthwest Research Institute SwRI Cetane Index:
"

.‘ . .

!— i specific types of protons, wt % hydrogen content, and
i,; Ly density (g/nL) [91.
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2.2.2 Trial Correlations

RN

— e

2.2.2.1 Based on Established Parameters

PRERE &

Four such cetane indices were examined. These are as
!3 ' follows:
B
~ > 1. A trial cetane index based on aniline point (see Appendix
S B1.3.2).
‘G
2. Three trial cetane indices based on mid-boiling point and
. - . .
. - density. These include:
-
,{;2 a) Two new correlations (see Appendix Bl.1.2) obtained
St
¢« by regression analysis of cetane number vs:
N
o
. (1) the mid-boiling point and density parameters
o
Ca
S
{ h (ii) the average mid-boiling point* and density
X parameters
i
A
Q b) The third trial correlation was a modified form of
- ASTM D976-80 in which the same D976-80 eguation was
k. " ermployed but where the mid-~boiling point term was the
b . o . . , .
NN average mid-boiling p01nt*. This trial cetane index
b~ is subsequently referred to as the modified ASTM
¢ D976-80.
Lo
) . * Ncte: the average mid-boiling point refers to the average
.j 2' distillation temperature 1in deg C of the 10, 50 and 90%
he.
reccvered distillate.
.=
-
’ ;\'
i
\ [/
! ) :I
JOCY
! \':
L 9 GEO-CENTERS, INC.
)
!
Lt :__ R \.,»_' i e o {.n‘;.r_;{‘:-.:.-{..‘:.-_‘_.r;.:_:.-..-".a -.--\r,;-r:‘.-'-.:_ A AN ,

OO Ot
RGN AR Mol e NAIEA




N
.

"y Ly

Oy

o i

M

D) > N

-\i & 2.2.2.2 Based on Simple Measurements

"h

)

(™
{ i Cetane Indices based on refractive index and density were
W . . . .

R also examined. Refractive index was measured using an Abbe
N . .
'*-j.‘- Q Refractometer, model 10450. An external water circulating

a

N . bath was used to minimise temperature fluctuations.
h, .

v l Measurements were made at 25.1 deg C, although fluctuations
&:- to 25.2 deg C were noted. Refractive indices for the fuels
N . . . . . . X
:'-, - measured are lincluded 1in Table 2B. As indicated in Table
" N 2B, five of the 33 fuels were dark. Consequently, their

refractive indices could not be measured accurately.
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3.0 RESULTS AND DISCUSSION

3.1 Determination of Published and Trial Cetane Indices

Based on Established Parameters

Results of the determination of the various cetane indices
are given in Tables 3A -~ 3C. Specifically, Table 3A lists
the results of 5 published cetane indices that are based on
distillation temperatures and density only. Table 3B lists
the results of three trial correlation indices, which are
based on similar parameters; the results of ASTM D976-80 are
also included in Table 3B for comparison purposes. Table
3C lists the results of four published cetane indices and 1
trial cetane index, which are based on other conventional
paramneters. These include API gravity, aniline point,
viscosity, and structural compcsition. Note, 1in these
Tarles, cetane indices for the last 4 fuels listed were
often not determined because of incomplete data. Subseguent

evaluation of the results is given in Section 3.4.

3.2 Determination of the Reproducibility of SwRI Cetane

Index
The Southwest Research Institute (SwRI) cetane index
determinations, shown in Table 3C, are based on

compositional analysis performed at SwRI, using proton NMR
spectrometry. Using SwRI's FID (Free Induction Decay) data,
rcducibility of the NMR integrations performed at SwRI

was ewanined at NRL for all 33 fuels.
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N The results (see Table 4), indicate that for the same FID,
~- .

:H ) the numerical differences 1n cetane 1indices based on
e

integrations performed at SwRI and at NRL were within the

—_—,
&

s range of 0.1-1.0 in most cases. Differences of approx. 2.0
Qf - were observed in only 2 cases. Also, standard deviation of
éf ;; the differences for the 33 fuels was +/- 0.5. This is well
'ﬁt within the reproducibility limits allowed by ASTM D613 for
:;2‘_5 cetane nunber. (Reproduciblity limits allowed are 2.5 to
‘ﬁz ) 3.3 for cetane numbers 40 to 56 respectively). Furthermore,
'53-5 results of a regression analysis indicated the
> - reproducibility between the two integration sets was very
wrclEN good (R? = 0.992).

Tk

o

S .

v 3.3 Development of a Cetane Index Based on Simple

:Zﬂ - Measurements

AN

fj In the development of a cetane index based on simple
o B measurements such as refractive index and density,
. regression analyses were performed on these parameters using
‘gi - a 26 fuel set (see Section 2.1.4). The various paraneters
ig - examined included refractive index, density, a comkinaticn
n of both refractive index and density, as well as, 17 other
;3. [: combinations involving various functions of refractive index
Sf and density.

WA

;ﬁ{ The results showed 1limited promise: Of the wvarious
T . carameters and functions of these parameters investigated,
%; T the best was one involving: D2, RIZ2, and RI/D (see Table 5).
ﬁi " Howewver, 1ts correlation ccefficient was somewhat low (RZ2 =
ST N.4437 . For a perfect correlation, R2 = 1. Also, the
h ".., .-'.
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errors of their coefficients (i.e., the errors of the slopes
of the D2, RI2, and RI/D terms in the multiple linear

regression equation) were rather high +/- 35%. 1Its standard

error of Y estimate = 3.1 was also somewhat high (this
paramneter refers to the error in estimating the cetane
number) . Nevertheless, this trial cetane 1index (see
Appendix Bl.5 for 1its formulation) was employed 1in

evaluating predictability of cetane number.

“~

3.4 Evaluation of Cetane Indices

Evaluation of the various cetane indices was based on the

following two methods:

1. The ability to predict the cetane number of fuels.

o

. Regressicn analysis of cetane numkber versus cetane

3.4.1 Evaluation Based on Predictabilitv

3.4.1.1 Determination of Predictability

llowing procedure was employed in the determination
r

o
edictablility of each cetane index:

1. The nunerical difference between cetane index and
cecane nunber for each fuel was first calculated.

This difference, 1.e., cetane index - cetane nunbker
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is defined as the predictive range. The results are

given 1in Tables 6A, 6B, and 6C for cetane indices

that are based on established parameters, and in

Table 7 for the best trial cetane index based on

refractive index and density.

To

qualitatively assess the results, the following

arbitrary criteria were adcpted:

a)

Cetane 1indices which differed from their
respective cetane numbers within a predictive
range of +/~(0 to 2.0) were designated as being

predictive of cetane number.

Cetane 1indices which were lower than their
respective cetane numbers within a predictive
range of —-(2.1 to >5.0) were designated as being

underpredictive of cetane nunber.

Cetane 1indices which were higher than their
respective cetane numbers within a predictive
range of +(2.1 to >5.0) were designated as being

overpredictive of cetane nunker.

Based on the criteria given in 2. above, the data for

a 2¢ fuel set (see Section 2.1.4) were then evaluated

qua

W W

ntitatively as follows:

The frequency of predictions, underpredicticns,
and overpredictions was determined for specfic

pradictive ranges (s=2e Tables 8A, 8B, and 8C).
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f::ﬂ b) % Predictability for the specific predictive
. -

ranges were also determined (see Tables 9A, 9B,

& and 9C).
(L

3.4.1.2 Predictability of Cetane Indices Examined

v The total % predictions, overpredictions, and
- -
- inderpredictions for the various cetane indices are
W summarized in Table 1210. In this Table, 13 cetane indices
s , . :
! wore ranked in order of best to worse primarily, on the %
iicy predictions and secondarily, on the % overpredictions. This
"
S
.\ apprcach was adcpted feor two reasons:
A
e
v N
; - 1) In evaluating the predictability of the variocus
- cetane indices, 1t 1is obvious that a high frequency
'I' ... — . . . .
- of predictions 1s desirable.
. ’
" r‘ 2) Overpredictions will pose a problem to the consumer,
, but underpredictions will not.
licte: The refractive index,/density trial cetane index,
placed at the end of the 1list, was not ranked in these
. ! 2valuaticns because the number of fuels employed in its
N evaluatlion was 2 less than was employed for the other cetane
NN indices.
Vg
e o s . :
t- Becausa of the relatively smnall number of fuels emploved
o T . . . ; . .
. in the fuel set, the cetane 1indices were not subsequentlvy
¢ ?; assz2sszd as belng: good, fair, or poor predictors, of cetane
. o
A v
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Instead, the cetane indices were evaluated on their

performance relative to the following:

a)

b)

C)

Thus,

ASTM D976-30 (this may be regarded as the reference

cetane index.

Inghan et al.'s four variable eguation which has been
proposed as a replacement for D976-80 (i.e., their 3
distillaticn temperatures/density cetane index).

Each other.

based on the criteria imposed on the results (see

Section 3.4.1.1, Nos.l and 2) and for this limited set of 28

fuels,

R

the following were observed:

The best predictability was exhibited by the modified
ASTM D976-30, a trial cetane index (see *HNB below).
However, 1its % overpredictions was slightly higher
than that of ASTM D976-80. ts predictive
performance 1include 79% predictions, 7% over-
predictions, and 14% underpredictions. The results
for specific predictive ranges are alsc shown

graphically in Figure 1.

*NB: In this trial cetane index, the
formulation of ASTM D976-30 was unchanged, but
the 50% distillation temperature was replaced by
the average of the 10, 50, and 90% distillation

temperatures.
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The other two trial cetane indices that were based
either on density and mid-boiling point or, on
density and the average mid-boiling point (average of
10, 50, and 90%) were not improvements of ASTM D976~
80 owing to their higher % overpredictions. However,
their predictive performance was similar to each
other as well as to Ingham et al.'s proposed equation
for replacement of D976-80 (i.e., their four variable
equation: 3 distillaticon temperatures/density cetane

index).

The predictive performance of Ingham et al.'s four
variable equation, which was proposed as a
replacement for D976-30, was similar to ASTM D976-380
in their % predictions. However, Ingham et al.'s
proposed equation differed from ASTM D976-80 in that
their egquation exhibited a higher % of
overpredictions, whereas ASTM D976-80 exhibited a
higher % of underpredictions (cf, Figures 2 and 3).
Consegquently, in spite of its greater complexity (see
Appendix Bl1.1.1, No.2), Ingham et al.'s four variable
equation does not appear to offer significant
improvement over ASTM D976-80 for the set of fuels

exanined in this work.

ASTM D976-80 had the lowest % overpredictions of the
cetane indices evaluated (approx. 4%). However, it
exhlbited a tendency to underpredict on these fuels

(approx. 30%).
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. 5. The predictability of Ingham et al.'s aniline point
L cetane index was similar to their distillation
S temperatures/density cetane index as well as to a
A . . a5 well
) trial cetane 1index based on aniline point only.
- Consequently, relative to the trial cetane index
T based on aniline point, in this limited fuel set, the
. use of normalization in Ingham's aniline point
\ . . .
. H equation (see Appendix Bl.3.1) did not appear to be
5 ) significantly advantageous with respect to increasing
Y e the % predictions and decreasing the % over-
Y . .
& predictions.
-
. . .
. 6. Collins and Unzelman, and the Ethyl Corp. Equations,
- which were formulated as improvements of D976-80
K- £ were not found to be improvements. Furthermore, the
! . Ethyl equation exhibited a tendency to overpredict on
. i these fuels (approx. 32%); whereas, Collins and
v o
g Unzelman eqguation exhikited similar tendencies to
o both overpredict and underpredict on these fuels.
4 U
S 7. The Canadian General Standards Board (CGSB) cetane
k- index was not an improvement over ASTI D976-80, 1in
li spite of its greater complexity (see Appendix B1.2)
! Furthermore, it exhibited a similar tendency of D976-
j 80 to underpredict on these fuels. Its performance
'y -~
- ;: for specific predictive ranges are shown graphically
. in Figure 4.
q
¥, F_:
‘I 3. Cetane indices which performed worse than ASTM D976-
v 80 from the viewpoint of overpredictions (sece
. 3
- \}
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arbitrary criteria given in Section 3.4.1.1, Nos. 1

and 2) are as follows:

a) The diesel index, which 1s based on API gravity

and aniline point.

b) The SwWRI cetane index, which is based on proton
NMR compositional analysis, density, and wt %
hydrogen. Its performance for specific
predictive ranges are shown graphically in

Figure 5.

c) The ASTM D976-66, which is based on API gravity

and mid-boiling point.
g. Based on a 26 fuel set, the trial refractive

index/density cetane 1index exhibited a tendency to

oth underpredict and overpredict on these fuels .

3.4.2 Evaluation Based on Regression Analvses of Cetane

Number Vs Cetane Index

Regression analyses of cetane number vs cetane index was
performed to determine the goodness of fit of the various
cetane 1indices. Since R? = 1 represents a perfect

orr2lation between cetane number and cetane index, R?

c
valuss which approach 1 would be desirable.

A3 described in Section 2.1.4, regression analyses were

pericorned on fuel sets containing 28 and 29 fuels for all
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R
. L
::é the cetane indices evaluated except for the trial cetane
. index based on refractive index/density for which the fuel
) sets were 26 and 27 fuels. The results, shown in Table 11,
3 ﬁ are ranked in the order of best to worse except for the
# . trial cetane index based on refractive index/density, which
3 E: was not ranked as explained earlier (see Section 3.4.1.2).
! ._ Some general observations are as follows:
3 :% 1. Ingham's proposed equation for replacement of ASTM
S D976-80 ranked the highest among the correlations of
N T cetane index with cetane number (R? = 0.817 for a 28
hg fuel set). However, its R? value was not much higher
"_ than many of the cetane indices that are also based
Y g. on distillation temperature(s) and density.
9 a 2. Cetane 1indices based only on distillation
E . temperature(s) and density, which showed similarly
t -, good correlations with cetane number as Ingham's
: .‘ proposed replacement equation include both ASTM D976~
.~ 80 and the modified ASTM D976-80 (trial cetane index:
6 ? see Section 2.2.2.1, No.2b) as well as the
[ improvement equations of D976-80 (Collins and
- Unzelman equation, and the Ethyl equation). Their RZ?
f | values were approx. 0.30.
b _:.
X - 3. ther cetane indices based also on distillation
. b temperature(s) and density whose correlations with
- cetane nunber were slightly less than those mentioned
K ~. in 2. above include ASTM D976-66 and two trial cetane
E ;: indices (R? = approx. 0.73). However, their

differences do not appear to be significant.
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The correlation of CGSB cetane index, which is based
on 10, 50, and 90% distillation temperatures,
density, aniline point and viscosity, was similar to
many of the cetane indices that are based only on

distillation temperatures and density.

The correlations of cetane indices based on
distillation temperature(s) and density, with cetane
number, were better than corresponding correlations
with cetane indices based on the following: aniline
point only; proton NMR analysis, density, and
hydrogen content (SwRI cetane index); API gravity and

aniline point; and refractive index/density.

Although not shown in Table 11, for most of the
cetane indices, their standard errors of the Y

estimate (i.e., of cetane number) were approx. 2.

Of the various cetane indices, the trial refractive
index/density cetane index exhibited the lowest R?

value, 1.e., 0.448 for a 26 fuel set.

As would be expected, R? values for the 28 fuel set
were higher than their corresponding values for the

29 fuel set (see Section 2.1.4).
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3.4.3 Evaluation Based on the Combination of Predictability

and Regression Analvses

Table 12 was constructed by combining the results from
Table 10 with that of Table 11, but with the exclusion of
the regression data for the 29 fuel set. However, in
Table 12, the results were re-ranked in the order of best to
worse, primarily on their R? values and secondarily on their

% predictions. Based on the limited set of 28 fuels, the

following observations were made:

1. Although Ingham et al.'s roposed replacement
equation of ASTM D976-80 ranked the highest in its
correlation with cetane number (R2 = 0.817), its

tendency to -overpredict on these fuels indicates

further studies are reguired to verify this trend.

N

Based on their R? values, ASTM D976-80 was similar to
Ingham et al.'s propcsed replacement equation.
However, based on the % overpredictions, ASTM D976-80
performed better than Ingham et al.'s equation.
Nevertheless, D976-80 exhibited a tendency to
underpredict on these fuels. A similar tendency of
D976-30 to underpredict was observed by British and

Australian refiners for their fuels ([31.

3. Althcugh the R? values for Collins and Unzelman
eguation and the Ethyl equation were high (approx.
0.8, their % predictions were only apprcx. 54-60%.
Similar anomalies between R? values and %

o

predictions were also c¢bserved for other cetane
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indices e.g., CGSB cetane index, D976-66, and the

SwRI cetane index. Consequently, evaluations based

solely on R2 values can be misleading.

Of the trial <cetane indices 1investigated, the
modified ASTM D976-80 (see Section 2.2.2.1, No.2b)
appears the most promising as a predictor of cetane

nunmber.

In general, cetane 1indices that are based on
distillation temperature(s) and density appear to be
better predictors of cetane number than those based
on API gravity and aniline point (e.g., Diesel
index), refractive index and density (trial index),
and proton NMR analysis (SwRI cetane index: see also
7. below).

The better predictability of cetane indices that are
based on distillation temperature(s) and density
compared with other parameters mentioned in 5. above,
are likelv due to distillation temperatures(s) and
density being related to aromatic/paraffinic content,
the degree of branchiness of the molecules, and to

molecular size {13, 14].

The relatively poor performance of the SwRI cetane
index which is based on proton NMR analysis suggests
the need for better compositional analysis, or
improved modeling of the SwRI cetane index, or bocth.
In particular, as reported by Glavincevski et al.

[157 and Gulder et al ([14], the different types of
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. paraffins, wviz, straight and branched chains, are

important in the determinationr of cetane number.

L ]
|~ 14

\ 8. As a single predictor, aniline point, which is an
. indirect measure of aromatic/paraffinic content,
-~ appears to correlate well with cetane number (see

! also Figure 6). This correlation is consistent with

. g the literature [4, 10]. However, the toxicity of

J ‘ aniline disfavours the use of cetane indices

: E:"’;\ involving aniline point.

4,

. "' 9. The pocr correlation of the refractive index/density

“ trial cetane index with cetane number is likely

’_'f.'_.: related to the pcor correlation of refractive index

:' o of the bulk fuel with cetane number (see Figure 7).
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4.0 CONCLUSIONS

‘he conclusions given below are based on both the
predictability of the cetane indices as defined by arbitrary
criteria inmposed on the results and on regression analyses

f cetane number vs cetane index. Unless otherwise stated,

0

the results are based on a fuel set, which comprised 28
ommercial marine fuels. These fuels were obtained 1in 13

c
different countries during a worldwide survey. Their cetane
n

o)

mbers ranged from approx. 41-57.

1. In general, Ingham et al.'s four variable equation
(1.e., three distillation temperatures plus density),
which has been proposed as a replacement for ASTM
DS76-80, was not found to be a significant
imprcvement over D$76-80, in spite of using 10, 50,
and 90% distillation temperatures as separate
parameters 1in their formulation as well as
normalization factors for the distillation
temperatures and density parameters. The tendency of
Ingham's equation to overpredict on these fuels
suggaest that further studies are required to verify
this observatiocn. Nevertheless, of the published
cetane indices, their proposed replacement equation

appears to be the most promising.
2. ASTM D976-80 exhibited the lowest % overpredictions

of the published and trial cetane indices evaluated.

icwever, 1t also exhibited a tendency to underpredict

£

b
RS BV,
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- & 3. Relative to the performance of ASTM D976-80, of the
o)

3 trial cetane indices examined, the modified ASTHM

D976-80 appears to be the most promising. This index

g -
- 3
. »

employs the same formulation as D976-80 but differs
from it, 1in that the mid-distillation temperature

e term employed is the average of the 10, 50, and 90%

v ' distillation temperatures instead of the 50%
N\ . . . .
(UL distillation temperature used in ASTM D976-80.
\
\ Y
5
o .
': N 4. The Canadian General Standards Board (CGSB) cetane
- index was not an improvement over ASTM D976-80 in
;: spite of enploying 10, 50, and 90% distillation
o temperatures as well as 2 additional parameters in
”u % its formulation (viz, aniline point and viscosity).
Furthermore, it exhibited a tendency similar to D976-
I 80 of underpredicting on these fuels.
Y
‘-
‘ 5. Cetane indices which exhibited a tendency to
{ ﬁ overpredict on these fuels include: ASTM D976-66, the
| SwWRI cetane index, and the Diesel Index.
- 6. Physical properties which appear to contribute to
! good correlation with cetane number include the
. ’ combination of distillation tenmperatures and density.
. o As a single predictor, aniline point is also good.
‘A - L. .
! wr However, the toxicity of aniline disfavors the use of
q cetane indices involving aniline point.
A
-, 7. The ne=d for continuing revision of the ASTM D976
N ﬁf method (e.g., D976-66, D976-80, and possibly Inghan
et al.'s proposed egquation) are indicative of fuel
Y ':"'
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i{ -~ compositional changes. Consequently, future cetane
xi . indices that are based on compositional analysis
( u involving the % straight chain paraffins, % branched
'¢Q chain paraffins, and % aromatics may be better
N .
<¢§ AN predictors of cetane number than those based on
WA ) .

.t physical properties.
~

[02]

The pcor performance of the SwRI cetane index, which

n, . . .
" 1s based on proton NMR comnpositional analysis
\ -' . .
‘Q“- o’ suggests the need for more accurate compositional
3.779.
analysis, improved mcdeling of the index, or both.
. -
'SR
TR
Y 9. A trial cetane index based on refractive index an
. I\ - 13 . . .
L$ - density did not appear promising. The fuel set
. u o R
- enployed comprised 26 of the 28 fuel set.
N
NI
Wl .
M 10. Evaluations that are based only on R? values can be
Ca
iq o~ mlsleading since this calculaticn does not define the
’ extent of over- or under-predictions. It is
g . .
o therefore 1mportant to also monitor the %
) , W
if;:f predictabilty and esy:cially, the % overpredicticns
£ of cetane indices.
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.0 RECOMMENDATIONS

Repeat the study on a second set of worldwide survey
diesel fuels using the same evaluation methods

employed in this study.

In the repeat study, eliminate evaluations of the
Diesel Index and ASTI! D976-66, but perforn

evaluations of all other cetane indices.

To accomplish 1. above, obtain a conmnplete set of data
for all the fuels in the second worldwide survey.
This should include cetane number, 10, 50, and 90%
distillation temperatures, density, aniline point,
viscosity, wt % hydrogen, proton NMR analysis and

refractive index.

L. Develop new correlations with cetane nurmker based on

compositional data.

To acconmplish 4. above, perform conmpositicnal
analyses on both sets of worldwide survey diesel
fuels with respect to obtaining % straight chain

[+

paraffins, % branched chain paraffins, and %

aromatics.

A YN
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P,
:: o
0 Taple |
N
{ ! Description of Merldwide Survey 1 Coassrcial Marine Fuels #
Y
S NRL 1D SUOPLIER  ORIGIN FUEL CETANE ND.
. - TYPE (AST™ D413
' !! §3-57 Pakistan ) Sh.b
- 81-3 Mohil Tekyc, Jagan HMGD 3.5
j -1 abil ustralia | 50 £5.2
AR 83-48 Pahistan [ 54,5
'SR 87-39 5.7, Sweden | M52 4.5
V. 93-19 Shal! fustrilia H50 54,5
- 8:-72 Calta: Kenva NDF 53.8
NN 8I-14 Mohil S, Africa l G0 52.9
ron 82-71 Calta: Kenya L BIH 32.5
L. 83-49 Exxen Senzgal it SZ.4
: ;5 83-ia Shzll Singapare HMGD 52.1
e 83-20 Sheil fusralia KNGO 52.0
{ 3-35 B.7. England M50 51.3
o g3-17 Mzoil fustralia 2 M60 0.4
- M| 8.2, Swaden MDF 50.3
- §3-12 8.7, fustralia I M50 4.5
N 33-12 Mobi! East Coast, U.S. M50 48.3
< i? 3-30 Shell Jarsica o 6.7
( §1-36 Caltes Thailand #50 48.7
3 81-27 Caltex §. Africa 2 M0 18.5
. M Shall Janaica HMol 47.8
L e 53-7 Mobi! Tokys, Japan 50 7.7
Y £3-34 B.2. Swedan 2 M50 47.3
7-78 Esss Coluabis M0 47,1
. §2-12 Mani. Hest Coast, U.S. nad 40.8
S 82-1% Mck:l fustralia ! 55 5.7
K. -3 3.9, fustralia 2 HMED 43.4
- gz-14 3.7, fustralia KDF 2.8
o gT-1t Mz5il West Coast, U.S. HNED 40.9
¢ L gl-3 Maoil Tc'r‘,'o, Japan HOF 5'5.3
- §3-17 Calta: Thailand MOF 50,2
§3-74 Sheil Singagore NED 43,4
K .. 81-25 Caltzx 5. Africa KNGO 47.9
I
)
{ % Tuels are listad 1n order of decreasing cetane nuaber except for
- the last 4 fu2ls. Reason for this separation is due to incaapiate dats
- for the last 4 fuals.
=
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: i{ Taaie 2 (Cont'd): Characterisation of Worldwide Survey [ Comsercial Marine Fuels

, B:  Aniline Point, Hydragen Content, Viscesity and Refrictive Index Data

ANILINE ANILINE HYCRCGEN REFRACTIVE

. NRL 1T CETANE %D, PCINT POINT CONTENT VISEOSITY INDEX
%; ~; {2374 D413 deg © deg © WT. 1 €ST 8 40 deg © 225 deg C
L S
N 47 Sb.4 165.7 74.3 354 4,08 14714
\ 8-8 56.5 159.5 # 70.3 12.94 3.48 14538
L, 8I-15 55.2 140.9 .5 13.27 279 1. 4666
b 37-13 4.4 165.5 ¢ 74.2 13,23 5.8z 1.4801
" 8325 5.4 1£5.2 74.9 271 3.3 1.4705
- 8:-19 54.3 152.9 70.9 13.14 24| 1.4744
~ - 53.2 163.9 ¢ 7h. .38 571 Dark
§3-14 52,3 158.0 70.9 13009 4.19 1475
AN 37-71 52.5 153.9 67.7 {32 $.79 1.4755
SR £1-59 52.4 155.9 7.5 343 $.77 (L4747
K. 3I-7% 52.1 163.3 74,9 L 6,22 1.423¢
R 91-9 52.9 155.3 63.5 13.04 3,28 1.4778
Do 31-1¢ 5.3 (54,2 7.9 12,40 .04 1.453%
1 33-17 5.4 155.5 £8.5 .12 3.89 14732
- EMN 5.2 153.5 + 87.4 13.58 2,93 1. 4455
L 33-22 4.5 1504 85.4 2,87 144 {.4809
T 3-12 18.3 154.9 bb.s 3.2 2.3 14724
93-3) 4.7 150.4 £5.3 13.45 1,04 1.4658
< 3-36 437 154.4 83.9 291 .43 1.4817
i K 83-27 48.5 153.3 7.4 12,95 4.4 1.4797
- a3-31 7.3 1549 bb.4 13.73 5,18 1.4782
o §3-7 177 145, §3.9 3.35 2.53 1,363
- 31-2 1.2 151.9 64,6 13.59 2.19 1.45%
- &l G 165.4 1.3 13,27 5.84 1.4799
" $7-10 1£.3 12¢.9 54,4 12,50 1.0 1.4809
, ll 37-15 45,7 135.5 7.7 12,35 112 1.4693
K - 33-3 2.8 1347 1 §7.2 13.34 2.97 1.4855
" g1-2¢ 1.3 (35,0 + 5.1 12,88 4,18 Dark
NN EI-i1 4.9 123.2 53.8 12,39 3.63 L f21
-
g3-° 547 ND ND 13,29 .2t Dari
" 3-17 £3.2 h ND (2,44 6.3 Dar
. - o-7¢ 4.5 55,4 5e.1 12,92 .2 14845
' 3-2% 47.3 Too Jarv Too Tark SN St fco dark
e
o # Deteraination by NIPES
{
::} €% Ronz3t davtsrangtion 3y NIFER (S22 Section 2.1.0)
7 N N3v Deterainss
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3 -:4 Tazla 2 (Cont'43:  Characterisation of Worldwide Survey | Cosazrcial Marine Fuels
\ R
\ D: Prctan NMR Analysis #
!l
(¢
s
fj N 1 Praton Type #+
P ‘.‘- -----------------------------------------------------------------
Y -~ NRL 1D CETANE NC. CH3 CH2 CH ALPHA ARORATIC
; (ASTY D413}
e I-57 5.4 28.4¢ S1.38 7.95 b4t 4,10
N 82-2 865 0.4 50.0 8.1 7.54 9
L 81-1c 5.2 28.43 52.53 6,54 §.22 £,
g 87-:3 4.5 27,75 51,45 8,47 7.5 4,52
‘ gI-30 S48 30,31 46,27 13,41 6,03 4,93
- g3-19 54,5 27,44 50.15 7.14 8. 56 6.57
- - 3.3 25,54 51,57 9,44 7.5 4.4
o §3-1t 52,9 30,15 42,44 9,24 7.7 .97
i 8-71 0.5 29,77 49,49 e 9.4 5.48
j 5?‘ 31-47 52,4 32.28 46.5% 10,32 7.14 3.7
b §7-7% 52,1 25,19 50.72 10,72 7.83 8,54
) g7-20 57,0 25,61 50.91 7.62 9,13 §.71
K 2. 8I-75 5.3 312,87 8.3 10,60 5.78 457
s 83-17 50.4 30.55 5,86 (1,90 5.75 5,14
- 31 50,3 3.74 45,85 11,74 605 43
. RI-12 13.3 28.70 45,30 3.2% B.95 5,73
) i 8312 1.3 3140 34,06 11,35 8.18 5.5
q §3-3; 4.7 34,09 42,69 (2.1 747 634
3-3% 83.7 28.31 47.4% 16,1 8.2 533
. 97-27 43.3 22.82 45,18 10,00 9.7t 5.29
L. - 83-3! 47.2 33.56 41,75 12,75 7.75 42
. RI-7 47,7 0,25 44,32 9,80 9,82 5.72
L 3-3 47.3 33465 5.58 1,22 6.2t LI
_ II 8372 7.1 .75 41.3¢ 13,10 7.30 £33
! . 8I-10 44,2 35.59 31.95 18,326 013 4,62
o g3-1: 45.° 21,45 48,75 4,12 13.73 11.79
N 83-1: T 25.5 44,54 9,20 (2.3 8.33
"~ g2t 42.8 .77 44,04 .17 12.54 9.48
3 8- §.7 18.44 3241 15.93 9.45 27

s&[

gr-3 9.2 28.49 31.28 §.:2 7.12
83-37 BN 29,93 43,63 9.¢9 3.2t
- gr-74 4.5 28.20 5.06 12,90 g0l
.
" 83-2% 4.3 32,24 46.10 .07 B.34
|
" . ~ .
- + Perforeal ov Scuthwast Res2arch Instituta
X #+ Relative t0 the “otal nusber af protons
o
b
R
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Table 3: Deteraination of Cetane Indices

A: Pubiished Cetane Indices That Are Based an Density and distillaticn Teaperatures
(Worldwide Survey I Comgercial Marina Fuels)

IHFROVEMENT E UATIONS
¢ct CCI INGHAN'S OF D975-30
NRL 1D CETSME NG ASTM D975-46 ASTM 0976-80 DISTH, TEMF./
(ASTH D&LI) . DENSITY £GN ETHYL EGN  COLLINS #+

OREN S84 9.2 NI 28.3 3.9 9.
B3-3 92,3 37.2 33.3 55.4 57.2 51,4
33-1%5 8.2 35.8 32.9 3.9 38.2 N
32-:2 sS4 S7.9 .7 34.2 4.4 4.z
§3-30 4.5 Sh.1 2.4 35.9 a35.3 35.7
§3-1¢ 4.3 2.9 49.3 30.9 19! 50.3
§3-72 3.3 S8.a 3.l 35.1 3.4 $3.2
gl-i4 32,9 4.5 1.0 3.0 3.3 3.8
87-71 3.3 NI at. 9 32,1 4.7 .2
gi-59 SRR 35.2 2.3 32.3 8.4 33.3
§3-74 321 9.9 2.4 36,3 35.¢ 3.9
53-20 550 32.2 3.7 2.9 3.3 3.9
§2-35 3 3.8 gt it 355 3.3
53-17 0.8 31,5 19,0 0.5 30.3 30,2
8-%t 6.7 4.4 g 3.2 i 3.2
5i-12 48.3 48.7 46.3 48,7 45,7 46,4
gl-12 3.8 49,4 4.5 47,5 45.3 0
33-20 8.7 ) 45.4 31,2 0.9 30.6
g2-35 45,7 .2 47.% 48.9 48.3 48,0
§3-17 8.3 3%.2 9.2 1.0 2.4 5t.8
§-31 47.8 0.0 .7 427 8.3 48.2
gi-7 4.7 30.4 43,4 48.9 49.3 49.2
§2-34 L 330 W0k 3. 52.2 5.3
EREN LI 32,8 48,3 9.4 43.7 43,4
3o-tn 16,3 38.2 38.3 38.3 b1 N 6.1
5318 L 4.8 - 3.2 4.3 9.7
gi-2z 2.¢ 45,9 2.9 2.5 3.2 43,
§i-24 42.3 43,4 42,4 40,9 0.8 0.7
g3t 43,9 38.2 39.0 18.9 T8.7 3.0
33 %47 ND N NG NG ND
5-7 33 ND ND KL ND NG
33-74 4. 32 47.; ND 48.3 48.2
gI-14 47.3 N2 ND ND ND N2
# Taraciaticns of tnzz2 Zsztanz indices ars glven in Appendix 31.1.1

#4 Coliin: snd Urzelaan Bguaticn

N2 Not deceraingd
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3-17
23-71
-39
o
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8-
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7.7
o e

3I-3
470
81-°
-
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174
> _~n
T3
Ao-10
ga=iy
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#+ Foreulac:ions of these cetane indices arz given in Appendix Bi.1.2
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Three Trial Cetane Indices That Are Based an Density and Distillation Teaperatures
(Yor1dwidz Survey ! Coaasercial Marine Fuels)
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Table 3: Deteraination of Catane Indices

- IN
oA
- . C: Catane Indices That Are Basad on Various Types of Established Paraaeters ¢

{Ror1dwide Survey 1 Coamercial Marine Fuels)

Swil
[ESEL £6SB INBHAM 'S TRIAL CETANE

LA 4

P .
| e NRL ID CETANE NO. INDE EQUATICN ANILINE 7T ANILINE PT INDEX ¢4

v ' (ASTH D&L3) (5, &) {T,D,4P,YISC! EON !AP! ECN. (AP) (PRCTON M)
: l! 83-47 56,5 59.2 54.9 55.8 54,1 6.3
'S 3-3 £4.5 57.7 5.9 52.9 52,1 53.4
: g1-1¢ 55.2 4.8 52.4 €3.5 52.3 59,1
> T 8s-:3 Si.8 54.9 53.5 5.7 541 57.2
L 8-t 5.5 59.3 §4.0 55.3 54,9 52.9
- 8317 54.5 54.5 50.7 52.3 St.6 54.3
g - 1.8 3 53.6 7.3 55.5 3.5
e 83-14 2.9 53.6 50.7 52.3 Si.b 33.3
- 8-t 52.5 3.5 2.5 0.5 50,2 5.1
S 37-59 52,4 54,2 0.3 2.7 1.9 5t.!
BN 83-74 52t 53.3 54,5 §7.2 55.2 6.9
= 87-20 2.0 Si.7 49,7 i 5.7 55.5
¢ 9:-75 1.3 5.7 49.5 0.4 50,2 52.3
Y $-17 5.4 3.5 4.5 st.2 50,7 0.4
A gr-3t 9.3 7.0 49.4 0.3 0.1 2.3
o 53-22 $3.3 £2.5 7.2 $8.9 18.3 15,2
M . 31-12 49.3 $3.3 48,2 49,5 2.5 43.9
Y 873 8.7 57.3 45.1 3.9 9,0 47,1
' 83-75 18,7 5.1 4.7 50.7 50. 4 2.1
- 82-27 3.3 52.4 50.6 52.6 51.8 59.7
Do §3-2 7.8 597 47.% 49.5 9.4 45.9
v 33-" 4.7 53.5 45,2 47.0 47,4 45. 1
y 53-31 4.3 €3.5 48.9 89.4 19,5 56.2
$1-73 47.1 5i.4 50,3 3.3 52.4 8.7
I £r-1) 45,3 390 9.3 4.2 12,2 1.5
A EE 45." 4.2 41.8 3.4 4.2 13,9
er-73 4.5 4.4 1.5 3.9 13,9 16.4
w g:-4 4.3 37.0 40.0 423 3.2 7.4
. 8- 4.9 8.4 38.3 4.8 41.8 33,7

PR it
o

4

b

R
wn

r

ol : ND ND ND ND 7.0
. - §3-17 0.2 N3 ND ND D S
'S 33-74 3.5 43,7 ND Sl S 8.7
l- ~s A - - N
g - §i-14 47.3 N ND NG 4D $°.7
R -~
[ -r_-',
,' - $ Firaeiatians of thesz cetane indices ar2 gisen in Appendix BLL2 - B2
1S

: “e

#+ 53zad onointsgrations perforazd it SeRl

AN ND Nai Jetarsinad
!.‘
/A
e A
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Evaluation of the Repraducibility of the SwRI Cetane Indax
(Norldwida Survey | Coasercial Marine Fuels)

C,d
SwRI CETANE INCEX DIFFERENCE
NRL 1D CETANE NC. 1 ] SwRI CET INDEY
(RSTM D&13) NRL SaR1 NRL - Suf!

83-¢7 &4 &4 &C.3 0.t
8I-3 36.3 S4.3 93.4 0.9
92-19 35.2 60.5 P 1.4
Bl-+8 SRR 8. 57.2 0.9
23-30 e 2.7 S48 0.7
3I-19 34.3 348.3 4.3 1.7
3I-72 33.3 3.3 8.3 0.3
3i-14 3.7 33.3 933 0.3

MR 2.3 NE a3t 0.3
§I-43 R 5t.9 St 0.3
T-78 52.¢ 37.9 S8.9 -G.1
§-2% 52,9 56.9 53.3 0.3
32-3 3. 53.0 32.3 6.7
VA S0.4 0.4 3.4 =32
3I-31 $3.3 32.5 52.7 -0.4
8222 43.8 49.7 49,2 0.5
312 48.3 49,2 49,3 .2
33-30 45.7 2.1 LR Ny
§3-38 48,7 2.5 3.1 0.3
83-27 8.5 30,6 45,7 0.2
3-8 47.3 7.0 4.9 t1
£-7 7.7 4.9 48.1 1.3
33-4 47,2 .2 50.2 0.9
8I-73 7.1 17.9 4.7 1.2
8- 45.8 3.4 32.3 9.9
§2-1a 5.7 45,7 48.7 1l

-2 LM 42,4 45,4 1.2
gi-21 2.3 LI 0.4 -0.0
- 0.9 J4.4 3.7 2.2
£3-2 54,3 3.7 3.4 0.1
£3-77 36,2 3.1 3.3 0.8
33-74 48.5 i 49,7 1.3
9I-18 7.3 45,8 4.7 el

a Basad on intzgrations Jerforazd at NRU using Swri's FiDs: Protor vaiuses based on
dvirage ot tmipiicats integratisns.

b Basad 2a 1-tz3raticas perforzed at SwRi, using the sase FIDs as in a, above

Stirdard Jevistion of the differances is +/- 0.5

d MNcta: Reprcducibility limits allowed hy ASTM 0613 is 2.3 to 3.3 for
cetan2 turbars, 40 tc 56 respectively. -I
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Tahte 5.

Regression Analyses of Parameter!s) Vs Cetane Number

Far Re¢ractive index / Density And Various Functions of These Paraseters

2 §td Errs Std Errer X Errer
PAAANETERS R Constant of ¥ E3t X Ccaffls) of Cgetf of Coeéf

D 0,232 182.% 1.9 -156.30 57.3 -37
D, 81 9,252 22.2 2.5 57 H 1454 -56
168. 8 AT 129
L 3
fn /D 0.452 -101,5 1.3 453,24 407.3 CH
7 o
- &
8,1/ D 0.234 1443 1.6 34,14 73.8 167
71,81 44,2 2
2 o
s
RI /D 0.243 -3i.4 3.5 34,07 12,3 34
2 2
5, Al 0.257 35.4 3.3 -152.3 3.2 ~55
$6.31 .7 175
2
]L / Log O 0,247 70,4 .4 0.5 9.2 e
817 {lag D) 8,278 7.4 .4 9,38 5. 34
2 bl
D, RD, RIMD 0,448 7200,8 3. -4972,20 1750, -35
1631.04 77,3 I
-415.72 1489,3 -Th
2 2 2
RI L, RI /D, RLD, 9.493 237352 It 783,34 163 !
2 94616 0T 33
Rlizg D, fRD /i3 3 349,57 11Me5.T 124
2.2 0 s
-29.89 433.: -1593

+ for 26 of the 28 fuel set taken from Worldwide survey | cossercial diesel fuels.
Z 2
BRI Fh=th -1 /a8 ¢ [ ]
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L Tablz 5 (Cont' !
. g Regression Analysis of Paraaster{s! Ys Cetane Nuaber
For Refractiva inzac 7 Density And Yartaus Functions 2 These Parasetars
' REGRESSION ANALYSIS FOR 25 TUELS +
.. 2 Std Errce Std trrar 1 Srrar
E PATANETERS t# £ fanstant af ¥ Est 1 Loat:l5) of Ceetd of Ccaif

.t - "
- &
- 03, R ORI 5.8 IDEERE AR 472744 Jil 284
o -I087.94 78473 -2
) 22700074 42935 gt
-17878,480 14327.0 =82
=
-
o 2 Z
3, 5, 8L, RD ., DRDY ¢ B M S5 63228.2 1212
L -2912.42 19234, 0 =272
-"' 52::5-37 9\“44.; 15‘7‘
— -y = -
-17223.88 46459, C -28%
~, -434,15 6I542.2 -12:77
& : 2
e L3RI AL, DiLzg A RN -4135, 3.3 LECH ! 18480, 2%
-237.72 19379.4 -734
51007.27 49213 ¥
( -15841. % 29301.% -i74
-58gs.52 20€93%. 3 -304s
re 2
o (207 31 /D 9,137 7 3.3 -5, 34 5. -154
LS
gr= iRD Ja0id3 RBET .7 M 24.¢ -43
ll 2
L, EYP ORI 0.232 -7 A 7025 4.7 i3
- 29,7 9.3 176
,;“.
T-%, RI-d 3.252 02 Wi -7, 40 183.8 -S4
. 53,73 2170 12¢
v
-4, 3 14T NI 128,82 5259 ¥
253 167, 55
s\ c .= - -
.- .48 N 3
A 2 2
I-NLRI-N, D- fRD-N 6,380 3 I -438.70 2282 -4y
: 9900 LD &
Moy -3052.94 H-T- P -l
-17671.69 X VO -82
o
rn
t For 25 af tha 28 fuyel se* taken froa Horidwide survey [ ccaasrzial diesel fuels
.- - - . N N
o ¢ The sutbixg -N, of the last thrae antries refars to norealization, which was perforsed by
04 suhtracting froz 2ath obzerwed value, the mean af that ters.
42
-,
h
i
s‘-
AR e T T G L AL LR O LRt Nr__r. R LRSS f\-'.’(\'r\f\‘fv-g‘(\(\j\.' h *w\ /]
.. e J. vlh -’-'.’"f*' A f .‘r( #"‘*"5. 2 { ~ f N " .. Ba R ‘* .' ‘. J. B2 WS '! '\‘.




.
i ] -
1 I -
1 1 '
| 1 oy e
] [ ) | FT o
\ ' - 4 -y - ) ey -4 = I e Y AR oy w D 1 P~ w0 L ey .t LN e € 3 er 3
1 [ ) -4 - - - . - . - . - - - . - . . - . . . . - - . . . x = x ~
1 [ ed 1 O > O i e p 2D D O e O ot S A o -t B L e B P I T B X L o<
' [ [ I ] 1 i 1 ] 1 ' A ) ' ) ' 1
- 1 [ s 4 [SS  | '
) oIS ' R
w i (=~ 1
@ \ Eord o 1 E
.~ 1 ) [ 1
=1 \ I — -0 = T
- 1 1o~ (=]
. 1 [NV [UX I
— t [ ] bOEY r D 04 ON vy wmF e 0 ) (7 f T et w4 -4 D) Tl ™ . P Y Iy O T~ (1- we o~ €y £3 - (=]
a [l [- VI W ~t . 3 - - . - - . - . - . - . - - - . - . - 3 . - . x = . £
[+ 8 1 D ) I Y ) O D et G v by D TN O ema TN 2T TN 2 w0 DY O S Y O v WY O D e 3 €4 -t — E
~ N ¥ e 1 OO o o =] ] 1 1 l 1 ' ' ~ ' 1 1 1
W "3 ez - 1 A v
Fe —_ Lol oo [V
- ' [ >4 ] |
= (=4 ] ab e )
> o [ = ]
- 1 AT [
@ - Vs ) ' E
P ] [ -V '
o —_— 1wt '
part — 1 ' i
w o 1 1 ' - 1
() -t n i 4 a. I°
wooe— [} E ¥, 1o
el —~ Vo L w
[ =1 L= B ] [~ B o3 - 1 0% w4 P o = . P v 3 (e O eed O e P U3 0 Uy D O 0 Uy MY ey SN e D € £ Y €3
) [l ] o | - ~ - - - - - - - - - . - . - " ) - - - - - - . - - - - - - - 2 - -4
3 toee T B v e DO O P et DO D W s D ) =t O DS e MY e 0D N e 4
» [ =] ‘ ¢ €T T e | i 0 ] 4 i | 0 f i + t ' '
n ™ [ TR o e 7 I
o = t < ! W w0 -
i<t >~ . Vom0 T e LI .
— - 9 [P — s £33 -—
— W 1 a ¥ .
L) g LI & ' —
[=2 [ Q) ! ' ] o
~ ar g | 1 1
- = . 1 ) 1 >
o (¥ t w ! ' c—
L% ) [ S . 1 L=} ] o
o w ' [ <> ’ =
c - 1 | 2= ' a
a o n [ " ) ] 1. o~
Y] v o { ' el | a.
= A &1 roow ) - D D MY O T D Iy D e A Y R N P e v kL B e P ) BY e O e Y re 2 <r <
-t ~ ' > o- 1 - - - - - - . - . - - . - - - - - - - - - - - - - - - - x - ¥
| o [ —— 3 10 ) OV € € U € 0 D D ) D ea vt ] KD vt et T D FY e OO0 3y O O eee > [~
@< LIS | [ ] 1 ' ] t ] t ] ' ] 1 ] ] 1 ] ] ] ' 1 ] [ 1 [ 1 c—
> o [l o 1
n [—1) [ | [y [ =
QO < > L~ T wy 3 [T
o - 1 o <T [l >
= -~ - 1 [ ' Ll e
Y v 1 oo ! 1 o
[ = 1 ) '
1} - o 1 1 \ Y]
- k=1 i i ( L.
(o oL 1 1 -0 ' ~
— a“ = t ' ~0 ]
(=} [ ] ' 1 1 [ o g o el g Pl B A0 BEE S L= B N R i DA e ' & N TR it B SN S = B« SHIL - S -~ B £y &3 N wn
ce [ ' ~Q [l . - . . - - . - - - - . . - - - - . - - . - - - - . x . = L
— o ' ' r. 10N D O N O W et B O P @ Od e v S 0N v— Y O O UY U 0T g e O 4 (] U
[a:d c o ' ) Eahdl <ad 1 ' ' 1 1 4 -
w — = i | [ ] 1 hel
— = | ' (&) ' (=4
"~ W t ! = ( st [g
n [ 1 ' v- ] (=)
- m ! ¢ (93] | Y] —
= -t ' ! <X 3 - -t
=z as ' ' 1 ~ ]
(&) t ' [ - 3
| ' 1 [ =4
T 1 (¥ (V%)
- n i)
= s ! w [
" —_— n ™
L - - b L) L]
- — ) — £~ —
F 3 Ay D S VIS R B o B o B U N 4 D B o S T B Tt " I T T W o o S R SRS TRE TN » 5 I S s Mkl 1Y @3 O v [SF S TR | por] ©
~3 3 €3 1 L D T T - - e . . Lo ~
— . Y] [ B o BT B i AT N S B o B ST I S B S B e B e G e I A B~ I S B s » T S SN R S I T S S S B R L - o
STOFT 0 Ud U UT U U U T WD LY U WD 0T WY U U e wr T wr %t Wy e «t my wt et = Ul U - -t o o
(- <f +- 1
D - LY [Xi3 hAl
(V8 Ll o<C o = (=
€3 ~- 1 [} Ll
' .a
1 . wn
. ] ™ (o
<< 1 — -
| - —
i - —_—
Tor Ul 0) S O~ T et e o el S LS ISR S T SN RO LA R - B I ] s et 0 . o
=) (IR = IERSR I ST NE Ry S SN PY pa e @y P e OO g Y P e L 0 g -e ot el O o (3]
= ] 1 1 1 ' ' [ ¥ ] 1 1 ' 0 ' 1 t 1 I ' 1 ' 1 1 ' 1 t ' ' ' ' (Vs
] YR ORY PR PY R Ry P Y 3 Y R BV R Yy P pY Y Y P gy B Y Y Yy LT Sl T S N -
-4 1O o OO o O Ly O3 ad 01 o) Q3 o> O o O o aO¥ oY ) o U3 0 OO (L O ay ™ oy W - -
Ve '
=4 '
PP .. PR, SR . g Y v ‘gtz AT “y %y < ~1
() N « S » £t AL B ¢ B ¢ . « 1[- M g ", ‘. '
PPN LA .nn L] -, ] S P 1,8, 4 h AR v PLE Ot LA A KRV 4 .
B » e . . P N i o ¥ i 2_a L LI
.\.Aﬁ r\....\\.p !*\Nnhvn l.u.-.h..n)-u-\'-. —....-.-.- r..n.\. - -.v\-.nn'-..).vf-.-rllnt.ﬁ\vnw? .-u. n-n-in-.v I. el ey
e sy . II.‘.-q. \\-vA. \;-.\\. -- LN IJ. Py v e « -Nl -(. " x '
PN, 1 J,l. d » 4 [ Iv kX 2t nQ? - - - 3
) I.‘l A b L



4 )

e
Ler

p

vt

S5

-
.

‘o

L

Yy

| AT

’ 'f 'f ,l

»

Ed ’)V

¥
]

- A

. { .. I'“v

r v
o)

"

-~
rasy

Tabie

b:

Numerical Differences Between Cetane Index and Cetanz Number

B:  For Three Trial Cetane Indices That Are Based on Density ard Distillation Temperatures

NFL 1D CETANE NG,

(ASTM Dot

RS

(Worldwide Survey I Coasercial Marine Fuels!

Predictive Range: Cetane [ndex - Cetanes Nuaber

€Cl Nedifiad LOTUS 1-2-3

ASTM 2975-99 ASTH D974-80 RESRESSION ANALYSICH:

AV(HEF) + 15,3 AV3, (M3F 4,5

AR
[alnd il <
23-5 28.6
~_3 c o=
33-3 5.3
a~_r= €z A
DT JJde s
~ ra cx :
§I-23 o4.:
T_ "N (4 L
3q‘,d ,;4..3
Yo+ A T
g7-i% VL i
+ - c~
3z- sI.
- 5
§3-14 32.3
52-71 8.3
5./"'4 3:.1
3T-75 2t
€7 A
(S Y
[
Jied
cq 1
alde s
(=%
03
4’3 2
e J
48.3
4.7
5
43.7
-~ [ag~
oL 45,2
BI-31 47,3
v - - 4
do- 47,
Ay -~ - -
33-24 7.0
<~ - 4y .
34'.5 4/’-A
B2-13 16,3
g87-14 4<.7
vy A -
e B 2.
gr-it 42.3
el e
~ -
32-3? 4.7
R cr A
o VA NI
92-74 4.5
~ - -
8-1x 7.3
#AVE MO = 4V,

t Forgulatizng

"*\}'-“:- " '\.,'P-.\v \f\-’\.r\"i '\l,’i-"-
.;»..nl » ,0 o tn"A

-9 -C.7 -7 -0.5
=340 =27 -3 -3
=43 =24 =21 -2.3
-2.9 - =13 -0.3
-2.9 -2 -1.7 -1.3
-3.3 -4,5 =47 -4
=27 -4 0.0 0.4
-9 ) ~1.2 -1
N -0.9 0.9 -0.3
-0.9 -1.1 ~¢.2 -0.%
0.7 -0.3 2.9 1B
=33 -9 =7 -i.2
-0.2 -0.1 0.2 -0.1
-1.3 2.1 ~0.3 0.:
1.4 1.6 1.3 1.3
-2.3 -1 ~1.3 -1.3
-1.7 -1.9 ~0.¢ -G.4
9.7 2.5 1.4 2.5
-1 9.1 -0 1 0.7
1.7 1.8 2.4 2.2
-0.1 1.4 0.8 L
0.7 it {2 L
33 34 $.4 L
{4 2.4 2.7 20
-5.2 -5 ~5.4 =27
~3.3 -3 =3 -2t
6.3 1.2 1.7 t5
-0.7 -6 0.4 -43
-1.9 -8 -0t £.2

3

Nd NI N
NE NG N2 ND
-G.3 G 3.5 ND

N bW i} ND

<

n2sa cetane indices are given in Appendix 91.1.2

=y

4 GEO-CENTERS, INC.

O

o T W 0 " % ') TR T (PR \‘r"- MR R ) e
.O.:.i.e 3 .-‘O"u.l ¢ .!':',n !'0- m » h!‘..!‘ ..'A.O. .h,!'l,t "woh, 0 .t.:’a~.o ol



KL

~ -\'
N,

e

':‘r.‘i e

-N N’~ NI
R X .‘l»

-

","--" ‘\'
HEIRATHLY

»

RS
vy

o’
S

l" . i
KT
y e

F 4

T
a

WA
AN
(4 &

«

e

.r,;.r,:a LS
',

‘s

.
] ] -— 1 C
“ " |72 BN I O ¢34 P Uy o T O e e ) D [ R T A R e S A < I 4 ST AL B o T A L o » B N o 5 T 20 B A0 - D -r O
— —J * s v e e e e 4 e s e v . @« « ® 4 e . e e & . e R
t ] w) QS ) PN U D e YUY D e O WD) w2 GO DI MY YO 0 ON D R) e D) =y 03 [T S N oV IR N
' [ Tt & \ 1 [ [} + — ' 1
i [ VE i ] ~
| i ;<& t
| t =E \ ~
| 1 e <X )
t ! 1 S
1 t Ly o ]
! [ 1 R
] I T 2% o 1
i [ 2 Lo R e T - L~ IR Zo R AR A 2 B LA T IR A TR I S N S IRV I B 4 Be EENE < LENA N i B aF B <D NY § B o0 [ s E
~ 1 [T 4 P e« ® a4+ a8 e w2 e e a4 w s ® & w4 e e e e s e = a4 e . .
" ' LI 3} XOE R Y P ONCN Y WM D T s WY Y v e O D Y et PY s et T 0T et by et ey e T X . [ r
[N i} ' = (22 ) 1 t ] i [ ' [ g 1 '
LJl ' [ 2 ] '
-t ' [ TR < - & [}
[ Q i o+ X o 1
I - e Gy~ t E
£ A (-] _ '
- [ [ ] A v
= ™ t ] t
4 a. ' wu | 1 1
1 e 1
[ © 1 o — ] 0
o as o 0. []
- £ 1 L. T ' — 1 U =y D wre T 3 P ro Ty D L I ] Lol [ T ) [~¢) E
- 7= I =] _J u) o . e . e . oa . . .. . . = = x
L] s AN ' ' XL ML | N ey D0 vt e O (S L] 2 e e Oy < ked
(3] — t ] ! e e S ) ! [} I t | ‘ 1
F-I.7 ' ] = 1
=] ~ o ] ~ | — e =
c + L ] | == 4
" v 1 o 1 < W
w o i [ =} ]
»¢ P4 1 e 1
QO -~ 1 1 1
3 [ T L) @ |
c o [ 1
—s vt oW 4 m | — 1
ar L Ca '
at QA — ! w | [Sad —- 1 0O} . O 04 <2 ) 7D py = O P~ ot T e el -— o~ (SR 3¥'] [} - L3 £33 m €3
c > ey - i) G ot . - - - - - - - - - - . . - - . - . - - - x = - 2 o4
ra — e t t ¥ X | D M A=A o N iR B o I = 2L 2 B T = T = T e ] -~ -y e o O < <> =4 m
- I} ] ] L v — ] 1 ] [ [ ! 1 r 1 [ '
[T) Wy ' .s = R | ] 1
(3] I ar ' w | LI - T )
[~ I | ] = I} - Al -] 1 (o]
[ =4 cew €5 ' o< 1 — < W -
Qs A O ' ‘o | | -—
[+ 7] " ) ' . 1 ] (==}
= b g " ] t
-t — a L] t hed
7] [ =4 ] Bl | -— .- - wn
0 S > | o ) " -
) oo oy -~ [
w ™ = [ — —
[*1} ar o t e ] - 1 [V
W) w 3 [ T A B S | 3 e o L= a WD M3 L T e T el w3 ) <> .- 3 €3 oy £
[ o ' n 1 3 Q- ] . - - - - - - - - - - - - - - . - =z 2% w T w
o o Vo ) e €L | e e T ey D> -+ <> — O D -~ (o2 [} -
.. n (I -S| —_ =t ' ] [ [ ] 1 [ ) [ [ i —
O U xa " ._ <« €2y [+ o4
—— e = -1 =
—— < = i 1 =~ w
- e i ! w -~
L =] - ) [} ] o
o i 1 1 =
— L o 1 t ] = —
bl - x ' ' 1 v
u —- 1 ' ' ] =
c— w ] 1 t — .
[ ., -7 ] ] j— ‘ - 5 4 g -0 TR S S T B SN A - > . I S Wt et e e WD e v e - 00 F) oy €T 3 O3 oY T LY L0 £) Rl (=" -
QU w ] 1 Lid »r QO 1 - - - . - - - - - - - - - - - - - - - - - - - - - - - == . L3 (=4
« o~ | 1 UY LI ST | M) vt U 2 v O vt et vt en o ) D O W LD S BY e 3 O R P omp U O o> i (73] -
= -] 1 1 Ly 1 ] 1 —— ] v 1 [] 1 ] s
x < ' r — - (93 - -d
— 1 t €3 e 2 s ] ]
1 1] — 1] A}
.- a ] | t < 3 -
~0 [ =1 ] - W W
ad t - -
" -t 1 1) (- [
— QL t o« la) (el
Fel (3] 1 e ca- tee
L] ' a0 (- [
— . 1 W o kY
(<] — w a (29
(Ve -
3 = a n n
A TR I L R VR T - R R T B T T T T I o' T ~ o T N S P S I S o LA I Y o o [N SE B 3} s c- e
[ s . e e e . e T - . e . P T - e .. W =) o
- wul T~ 0 LY e Wb ey P r ) U U O e Doy Q1 @ O3 QY P b P pes Y ) P ] I - T 0 ~ —e -
w XTI ) U o U2 U U 1 U U U u) T WY WY u) U e T ey O ey e ny W =y =P ey ot U UY mr - L -
T k- 3 - -
IS} I o [ .
[SYRRS 2] (] e o
[5 ar ne
1 n -t -
' I [ «
' & - —
' e
1 - [ o
' o (=] -y
1 -
T WY 1 €3 g U1 oy [ IR =P B AR T T~ ey v 4 h =] w©v
[=<] b TY 1y v ¢ < B e 0 e t v - .ot ' - [ AL T TN - n N
— ] ' 1] t " 1 Ll ' ] t ] l 1 1 1 Ll t ' ] 1 S " wn
t FEDY p o b2 p o Py e by b ¥y [ ] LR AT N LN S T R IR ] "
o F ' OY ¢t Y (a3 D) oy M) 0y Y Y (DY (o T )y oy [V ==} [=}}
[Xs !
> ' v o (W)
. ., P . . - . . % . v
i T..-.\Fn Nx..\ .t - ‘ot - N
- - L hd

L a - - - " -
A S byl
K X K N,



”~
f;,da

Y

n X

2% B

e

T
a8

<R

P

Evaluation of a Trial .l

KRL I CETANE NO.
(ASTX D&ITY

83-s7 36.8
83-3 56.3
23-18 3.2
83-5 M.
g3-3 4.5
§3-i% 34,3
82-14 32.9
gi-%i 32.3
3I-5? 3.4
3-75 52.1
33-26 YR
§3-13 3.3
3:-7 G4
- 30.3
8I-22 48.3
3:-12 48.3
8-z 8.7
§3-2) 4.7
83-z7 8.5

3-31 7.3
3 7.7
§2-32 47.3
9:-7% LRSS
33-10 45.3
g.-l4 45,7
83-23 43.8
8- 40. 7
£3-3 4.7
§2-72 33.3
§3-37 .2
§I-74 48.5
§3-i8 7.8

2-24 2.8

# 00 =7205.3 - 45722

Tatle 7

atane Index Based an Refractive Index and Density

(Warldwide Survey I of Coessrcial Marine Fuele)

DENSITY

9.854%
0.3670

0.851%
0.3443

QT1g
PR I o

3393

L3493

OO S D DO DO DO DO
O O o 0)

>

=
g WO o D G W wa o

<>

=
(W

Ca €O Gy LD Qo LD

#+ Cptane [ndex - Cetane Nuaber

_‘I\J_ _‘w "4\4- '” aV‘J-\r\r

\"-‘\

\."‘~."

rJ

~0 Na

\*‘s

REFRACTIVE

INDEX

(& 25 deg T

-
~1 4 o ~4 o O

02 -0 U oee P

Ee EEVO IS SECE S OF BEE W = - S S L

46

Ly xéa. TARY

-

O T T N TR Ty

Sdoe X1 @

G

o

o

~
[ ¥

»

~
"\
(]

CETANE INDEX

(0 ,RI

\

2

2
, RI/D) &

DIFFERENCE
Cl - CN ¢+

4

S LD AN
~ W

t
.3
[SL IR IR S A )

1
L=
. - - -
RS I RS RN DY I S R

O b pa 1D e G O

4R e

~0 W~ WY o

“d L O D LA e

GEO-CENTERS, INC.

_.*\ A

IR N

W,

A Db

"-?'

J'd'-""

=
W




A
L) I.h.
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Measure of Predictability of Various Cetane Indices
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Regressicn Analyses of Cetane Nuaber Vs Cetane Index For Various Cetane lndices
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Cetane Index Vs Cetane Nuaber: Regressicn Analysis and Measure of Predictability
: {(Worldwide Survey [ Comaercial Marine Fuels!
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Cetane Number Vs Refractive Index

For 26 Fuels
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{ . APPENDIX A

"

b List of Symbols

.. . (Symbols listed pertain to those parameters employed in the
v formulations of the cetane indices given in Appendix B).
R

2

v,

O AP Aniline Point in deg C or deg F, as specified (ASTM
"' .1:' D6ll) .

- CI Cetane Index.

) ‘_..:

e ccI calculated Cetane Index (ASTM D976).

N

K D Density at 15 deg C, g/mL (ASTM D1298).

o A

> G API Gravity, deg API (ASTM D287 or D1298).

LA

s N

b, H Hydrogen content, wt% (ASTM D3701).

Wl

o . M 50% Distillation temperature *, deg F, (ASTM D86).

(@

PCHN Predicted Cetane Number.

* - T10 10% Distillation temperature *, deg C (ASTM D86) .

-? | T50 50% Distillation temperature *, deg C (ASTM D86).
! TSO 90% Distillation temperature *, deg C (ASTM D36G).

Visc Viscosity: at 40 deg C, cSt, (ASTM D445).

®.2.7 7 7

. v * % Distillation Temperature refers to the distillation
K temperature of % recovered distillate.
N
%
L -
L~
'n ~:’
L
~ .
Yy .
~, _")
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i S APPENDIX B: Cetane Indices Formulations
>
sj . Bl CETANE INDICES BASED ON PHYSICAL PROPERTIES
SR Bl.1 Indices Which Employ Distillation Temperature(s) and
; ploy
4 Density '
\
»‘I!
. B1.1.1 Published Cetane Indices
‘. 2j

1. Calculated Cetane Index (CCI)

=
1 :’Q
~¢‘” a) ASTM D976-66 [2a)]
-
A -’
» Q - 5 - 5 2
¢ CCI = 0.49083 + 1.06577 X 0.0010552 X
- where
o< X = 97.833 log M2 + 2.2088 G log M

+_

g + 0.01247 G2 - 423.51 log M
b v 4.7808 G + 419.59

&
[

PO
Ul e

. G = API gravity in deg API.

. M = Distillation temperature in deg F of 50%
. . recovered distillate.

E - b) ASTM D976-80 [2b]

: : CCI = 454.74 - 1641.416 D + 774.74 D2

Dt - 0.554 TS50 + 97.803 (log T50)2

X ’ where

:,;ﬁ D = Density at 15 deg C, g/mL.

i ! T50 = Distillation temperature in deg C of 50%
P recovered distillate.
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L3

L

. Note: Conversion of API Gravity to Density were made using
the relationship given in ASTM D287 [7], which is:

m‘

G = (141.5/sp gr 60/60 F) - 131.5
where density was substituted for specific gravity

P

-

2. Ingham et al.'s Four Variable Equation: Proposed
Replacement Equation for D976-80 ([10]

vl

- PCN = 45.2 + 0.0892*T10N
A
’ + (0.131 + 0.901%B)*T50N
- + (0.0523 - 0.420%B) *T90N
- + 4.90E~4% (T10N2 - T9ON?)
+ 107*B + 60.0%B2
where:
2' PCN = Predicted Cetane Number
B = EXP(~3.50 * DN) - 1
' DN = (D - 0.850)
‘ T10N = (T1ON - 215)
o~ TS50N = (T50 - 260)
Ly T90ON = (T90 - 310)
! T10, T50, T90 refer to the distillation
temperatures in deg C of 10, 50, and 90% recovered
l-, ] . 0
,; distillate, respectively.
.- Note: The suffix, N, of the physical properties
)
- parameters refer to normalization.
.
-
-
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b)

Improvement Equations of ASTM D976-80

Collins and Unzelman Equation ([3)

PCN = 21.843 - 0.33924 (CCI) + 0.018669 (CCI)?

Ethyl quatioh (11)]

PCN = 5.28 + 0.371 (CCI) + 0.0112 (CCI)?

B1.1.2 Trial Cetane Indices Based on Reqression Analysis of

1.

2.

W N

28 Fuels Evaluated in This Study

Index Based on Mid-boiling Point and Density
CI = 243.7838 + 0.1640 T(SO - 281.401 D
Index Based on Average Mid-boiling Point and
Density

CI = 254.0107 + 0.1724 T50ay - 296.882 D

where: T50py = Average (T10+T50+T90), deg C

=7
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Bl1.2 Index Which Employs Distillation Temperatures,
Density, Aniline Point, and Viscosity

Canadian General Standards Board Cetane Index (CGSB) [12]

CI = 77.7628 + 0.1765 AP + 0.003867 AP
- 11.6150 Kc + 0.5844 Kc2 - 0.6350 Visc

where:
CI = Cetane Index
AP = Aniline Point, deg C

Kc

T10 + T50 + T90 + 820
200 * D2
Visc = Viscosity at 40 deg C in cSt

B1.3 Indices Which Employ Aniline Point Only

B1.3.1 Published Cetane Index

Ingham et al's Aniline Point Equation ([10]

PCN = - 0.611 + 45.5*EXP(0.0150*APN)

where: APN = (AP - 60); the suffix, N, refers to

normalization; and aniline point is in deg C

B1.3.2 Trial Cetane Index Based on Reqression Analysis of
28 Fuels Evaluated in This Study

CI = 9.48854 + 0.601223 AP
where AP is in deg C

£
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Bl.4 Index Which Employs Aniline Point and API Gravity

*LLRIAPLALW PP i )

.

Diesel Index = G_* AP (5]
100
where AP is in deg F

e

Bl1.5 Trial Cetane Index Which Employs Refractive Index
and Density

-
ne
b

CI = 7200.8 - 4972.20 D2

-

Crae

g
5 +1641.04 (RI)2 - (4106.72 * RI/D)

where: RI is the refractive index measured at 25.1

X ;ﬁ deg C.

s

iii B2 CETANE INDEX BASED ON PROTON NMR COMPOSITIONAL
ANALYSIS

-

;ﬁ Southwest Research Institute Cetane Index (SwRI) (9]

(K¢ PCN

9.49 - 0.0298(D * H * Heys)

" + 0.0896(D * H * Heyo)
~ + 0.000097(D * H * S2) - 0.038(D * H * Harpypz)
l where:
" ™ H = wt% Hydrogen content
; ﬁ Hens = % Methyl proton of total number of protons
. Hcys = % Methylene protons of total number of
] . protons
. ;f S = Sum of % (methyl, methylene, and methine)
i i protons
; 5 Harpua = % Alpha protons (protons immediately
} adjacent to an aromatic ring).
.
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o Proton Chemical Shift Assignment *

Proton Type Chenical Shift
(ppm, delta)

v

9 o
Alkane Methvl 0.5 - 1.05

v, Gamma Methyl 0.5 - 1.05
o Alkane Methvlene 1.05 - 1.4
‘ = Beta Methyl 1.05 - 1.4
S Gamna Methylene 1.05 - 1.4

s
NI
- Alkane Methine 1.4 - 2.0
k. .
' .‘ Cycloalkane Methylene 1.4 - 2.0
F Beta Methylene 1.4 - 2.0
- Alpha Methyl 2.0 - 4.4
i
; ! Alpha Methvlene 2.0 - 4.4
g Alpha Methine 2.0 - 4.4
e
% Aromatics 6.2 - 9.2
)
‘.
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x5

Method of Converting Fractions of Total Carbon Data Derived

&
}’

R

From HPLC Analysis to % Based on Weight

- &

;;73&?J~)

}
[

o 1. Fraction of total carbon for a specific class of

compound was converted to its fractional weight usin
J¢ g

L R N X

o the following formula:

X
“y

N %]
L
2

X
F

Vo

Fractional Weight of Compound Class =
Fraction Total Carbon * [1 + (No. H atoms/Molecular
Wt. of Compound Class) ]

=)

o
'
LAV SR

]

% Fractional Weight was obtained by normalizing the

i e
.
A
[\®)

o fractional weight of the various classes of compounds
to 100
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APPENDIX D2
Coagzsiticnal Analysic of Worldwide Survay | Coasercial M

Diffararcas 3etween Messurad and Calculated Yalues For Saturates

SATURATES

MERS. TOTAL CREZON DIFFERENCE #+  MEAS, TOT
sl 1D FRACTION s CALC, WT 1 (MEAS.- CALD) FRACTICON
8l-s7 8.577 &7.7 88. 42 -2, 79 0.1835
8I-: 5.8 §3.7 .27 -0.57 0,133
3i-it 0,757 15,7 75.4) =070 2.103
§7-:3 0.l §1.2 178 -0.74 2,218
5-20 0,74 723 75,014 -0.54 DS
8-t 0.872 67.% 53.78 -0, 38 0,167
33-72 30538 i3 5623 -0.e9 0.364
EDEE 0,882 §8.2 §8.9¢ -0, 0.:%9
TN N 51E hi.3 52,25 -0.75 0.742
3I-37 $.337 88.7 §5.357 al 0.1%%
3375 G274 37.4 55,07 ] 6,288
-7 0.5% a8. s 59,14 .52 0,220
33-31 0.737 15.7 74,19 -0.42 0,240
a.-12 6.7 3.5 64.53 -0.33 0,145
-2 0,579 £7.7 47,50 ¢, 40 0,152
37-3% 0,751 7%.1 70,74 -0.:23 (.21
EDESE! 0,048 %5.3 54,52 -0, 82 2
a3-27 0,875 8%,z 70,22 -0.582 0.3
EVEEH ¢.524 6.3 M -G 0.24%
§:-7 0,338 84,49 44.78 -0.73 0.25%
32-21 n.742 782 747! =658 0.192
-7 0,843 6.3 §&7.28 -C.7% 0. 209
- 0,373 57,3 37.93 -6.53 0,245
£-22 2.aht 67,35 138 -6.23 6.223
ERERE 2508 5.3 St Y. 0,152
3i-° J.oeil 6.1 §1.72 -0.72 0.262
57-77 ,:42 £4.2 2.4 -0.2% 0,157
2i-78 UL 4.2 §4.97 =37 M
3T-2 JIEL LR €8.33 -0.71 0,243

t44 CStaondard deviaticn of tne ditfersnce

far aor-cyclic arcastics 1s 0.1
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NONOCYCLIC ARCHATICS

AL CARBON

X CALC, WT 1

18.3 18,29
8.7 18.04
10,3 10.16
21,5 21,44
15.8 15.58
16.7 16,53
J6.4 3619
3.9 19,62
24,5 4.4
19.5 19.45
28.8 28,49
22,9 2.7
2003 19,7¢
6.5 15,44
18.2 17.54
2.7 2041
21, 21,85
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. AFPENDIX D2 (Cont'd)

. Cospositianal Aralysis of derldwids Survey | Coamercial Marine Fuels
{ is Dirtarznces Betwesn Measured and Calculated Values For Dicyciic Aroeatics and Fluorenes #

RILTE 5CY DIFFERENCS #+  MEAS, TQTAL CARBCN DIFFZRENCE #44
ACTION 1 Calc. WT. % (MEAS,- CALC)  FRACTION 1 CALC. ®T.Y  (KEAS,- CALD)

! !! i-.7 9.087 3.2 8.22 9.39 0,929 ) 277 0.13
‘N §3-2 DISEE .3 B.54 2.24 0.937 3.7 .54 0.1
37-i 3,127 7.7 2.0 G50 9,511 i1 Lot 0.9
‘N 3-8 a,1ec LS 11,69 0.4t 0,942 4.2 8,00 0.20
L~ £I-T2 9.7¢ 7.5 7.30 9.36 9,915 1.5 1,42 9.98
gI-13 0,123 2.2 12,79 .35 0,014 1.6 1,52 0.42
= 33-72 0,353 s 5.5 9,24 0,971 1 2.90 .19
X }: -1t .35 g.: 3.47 £.37 6,028 2.8 2.6 614
-t 3771 ) 9.1 3.3 0.77 0,03 3.0 2.% 14
. 3359 i, 8. 7.74 0.3 0.4 2.1 a0 6.
S 87-7s 8. 29: 2.1 8.7% 5.74 3.2 2.4 2.4 9.1
'S iT-17 5,677 7.7 7.77 9,32 0.014 1.4 L.30 6.8
: 33-74 342 02 5,23 3.2 0,013 (.2 (.21 5,07
- g-12 SN 16,3 15,40 2,51 8,073 2.3 278 0,18
- -2 90,137 7.3 12,53 9.77 0,017 1.3 2% 0,53
1 37-20 B,774 7.4 7,07 8,77 0.003 9.3 0.7 2,08
- L 37-74 0.5 15, 15,38 0,52 0,977 2.7 .57 013
(‘ IIF 9377 0,022 3.2 7.9 9.70 L0728 2.9 2,74 0.1
37-21 0.9%3 3.2 9.72 5,12 9,017 1.7 (.62 0.8
. 27 9,551 5.1 g.72 0,28 0.910 1.9 0.35 0,05
- 3-74 5044 85 $.77 0.2 0,620 2.0 1,97 0,37
E - 37-73 9,730 8.3 8,43 0,81 0.027 2.3 20 0,13
\ ESD 5071 7.1 6.2 9.21 0.008 0.5 0.77 0.03
E ll §7-77 6,04 14, (7,54 6.5 9,013 .4 .53 00"
ey $3-T1 ¢t 24,3 2,73 3.5 0,953 5.7 €50 0.2:
» 37t a0 1.7 1,10 6,23 0.03% 1.6 3.4 .14
- I R SR Tl 13 0,49 0.073 7 31 913
[ - 81-74 G0t 170 11,48 9,53 0.024 2.4 2.28 .1z
‘S 571k .1 L 11,48 0,12 0,038 1.5 3.7 6,43
+
o
s
V"J.

, .. , . i e
3 the ditearzaca dor drTeChiCoarcaatics s 014,

#40 Stacdard dpyishion 3t the diiferzaza for fluarznes s 2.905.
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APPENDIX 2 (Cont'd)
Coapositicral Analysis of Morldwide Survey [ Comeercial Marine Fuels

NG 1D
oL
"
£3-3
9318
[
81-42
crTLTh
T
83-19
RI.T"
4T e
gl-14
§3-71
g2-4%
33-%a

gT-73

S.7L2

§3-24

44D

A~

SaTt
v
GsT -0

t Magzur

#4 Standard deviation of the didference for phenanthranas

»

0.018
D057
0,303
0. 018
8,004
D04

8,002
0,004
noatn

G000
D00t
0.412
0,047
0,000
0.¢
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0.9%
0.10

1,27

.08
1.32
2.4
0.29
L
0.7
1.6

21 vzluss are tha snalstical dat
ste, Blacksourg, VA0 using Liqus
e ccagc:.bizeal aralygsis., The Za
2d vajuzs toowb % fsze Spzendix DY o‘or

M N R W
YO I e Y ¥

)

\-

Bo 2t a0

- |
R R R RN R DI SN R

0.0
0.01
0.07
¢.07
0,10
0.92
.01
0.937
0.08
0,90
0,72
G.05
0.03
0.0
0.00
0.97
0.00
0.3
0.1
0.91
VL)
.00
0,99
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APFENDIX E
Deteraination of the Reproducibility of the SwRI Cetane Index

Based on Integrations Perforaed at NRL and at SwRI Using S&RI FiDs

1 Proton Type ##
--------------------------------------------- 2 CETANE DIFFERENT

NRL D # CETANE MO, CH3 CH2 CH ALPHA AROMATICS (CHHCE2+0HT INDEY NRL - SwR
(ASTM 2613 ‘ (B (5aR1} (Swal CI}

82-57NAL 38,5 8.2 5% .43 5,16 4,13 2G4 60.4 0. ¢
BI-a7% Jeus e R D |- 7.9% 5.1 410 gong 50,73
82-3N3 5t.9 29,43 S0.18 8.¢3 7.40 W33 7729,31 4.3 0.3
3-23% S6.5 6.0 300 8.1 7.4 4,19 779159 33.4
BI-130AL 35,2 28,47 3401 Lit 3.a2 4,36 guie. 4L 6.2 1.4
9:-1534 RET .57 5RET A, b4 6.22 4,93 72eT, M 9.
34,3 2624 51,78 9.32 7.70 1.56 7673. 31 3.1 9.9
s 7.5 84S 8.:7 7.3 4,82 7L 7.
RE I 3023 4877 9.3 3.:8 481 gpel.al 327 0.7
s 3004 48.22 10,41 LM 4,77 793,42 2.9
PN B 34.2 26,37 5119 1.55 8.13 6.19 735,32 S4.5 1.7
23-15%% 4.3 27,45 50018 7.4 3.54 5,57 7155.% LA
53.3 28,73 52,04 9.78 7.32 .20 783533 93 6.5
338 25,9 §L.&7 2.4 7.50 4,44 7752.30 3€.3
SI-LINSL 2.2 2973 453 9.42 4,93 4.9 7753.35 Si3 0.5
DRI | 92,7 0l 49,54 9.24 N7 .39 irateM 33.3
53-TINEL 5.3 28,33 13,78 g. 4 2.91 S 7319.98 3309 0.3
27-7%% 548 2.77 0 4847 g.22 9.4 3.48 7308.87 NN
82-3%NRL i 31,83 46,7 {0, 50 6.47 4.9 7939.51 $i.e 0.2
273754 YR 32,28 45.340 16.32 7.4 370 794530 St
35-TNFL i 254 20.¢7 19,88 8.74 4,7 KPR 977 -0t
3-7%%a 3.1 26,39 3L 10,72 7.23 T T561.50 €t

identi‘ies the intagrition data obtainad at NRL.
t triplizate integratioas.

The suffix, S, 1dertifies the intzgratisa data obtained at SwRi.

to the tctal rusber of prataons,

t4 Jeiative
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APPENDIX E (Cont'd)

Determination of the Reproducibility of the SwRI Cetane Index

Basad on Integrations Perforaed at NRL and at 3wRl lsing 5eRi FlDs

1 Proton Type &+
CETANE NG. CHS Cr2 CH  ALPHA APTMATICS
(ASTM Dell)

NRL 1D ¢

2
(CH+CHZ+CH3)

¥

CETANE
INDE”
{SwR1)

TWUw uvw

DIFFERENCE
NRL - Swk!
{SaR1 CI)

2T-TONRL 3209 2577 sk 8.2 B.xd 6.93
gl-20%% 32 2.6l one P.E2 .13 6,71
EREFSRE 6T 31,09 47,37 16,21 5.9 .45
8l-ll:% 513 57 44,57 16.%) 2.78 4,47
008 29083 45,59 2050 7.63 4,30
FIARRY SIS 4503 1.9 79 14
TSI SIS 32 .35 11,82 §.22 4,20
873154 €02 74 46.2% 11.74 6.0 4,03
§3-IIuA 4g.2 2004 4548 190,29 9.04 6.73
§I-12% 45.3 2270 4.3 9.2% 8.93 &9
§I-1NEL 48.3 20,93 4458 1. 7.29 5.2
§I-125% 45.8 LA 4405 .35 8.:8 3.0
48,7 34,54 43.34 1.7 6.18 4,09
48.7 3403 42,68 2.12 7.07 4,74
43,7 28,13 47.63 10,35 §.4s 3.23
42,7 28.3t 17,45 0.1 8.3 33

27-2TNAL $€.3 27.31 45,4 thaz 2.18 5.5

23-17% 43,3 28,82 45.:8 {6,990 9.71 .20
£3-30RL 47,9 JI.E0 0 42,42 {2.51 7.14 23
EPEETEL 7.5 MR 175 12,753 7.75 4,25
ST-Ts 4.7 3.3 45,92 9,23 .2 5.27
33754 87,7 .08 44,87 3.38 9.35 5.2
¢ Ncter The zuffig, NRL, rdarti<iss tha2 intzgrition fata abtarned at NRL

- .. ~

Tm2ozuteix, S#, rdentidias the intejration dara obtaines 3t Swil,

77

£022.°

PN

8924.99

7568.5)

i~ e
HGaeat

8024.5
80E7. 44

8051. 47
7901.42

32,6
32.1

3.5
49.7

-
~Q
-0

F
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—
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LH

0.9

GEO-CENTERS, INC.

L .‘.;‘.‘)' \}..:f\.}-

0. R TR ¥, T AN,

¥ )

v

h A

"
3

BT CGEY
Cola, .

~ A
f:}’u'

() )




APPENDIX E (Cont"d)
Deteraination of the Reproducibility of the SwRI Cetane [ndex

Based on Integrations Perforaed at NRL and at Swkl Using SwRI FIDs

1 Praton Type ##

e 2 CETAME  DIFFERENCE
: NEL 1D ¢ CETANE NO. T 2 CH  ALPHA ARONATICS  (CHACH2/CHI)  INDEX AL - SwRl
(RSTH 2613) : a (SR} (SWRI CI)

X §3-23NAL LT 3455 43.47 19.59 3.47 3.8 8224.43 50.2 0.¢
B3-735N 7.3 JTES 45.3%8 11,22 5.2! 3.4 BIEL. ) 30.2

"~
N B-7ENmL 7.1 3.8

i .32 !
§3-7ESH 7.1 3373 4(.81 13,10 7.39 4.03 7360.50 46.7

" 5o-L0NRL 46.3 36,32 32,55 16.57 9.74 4,50 7337.54 33.4 0.9
Iy I-19SH 4.3 36,28 21.9% 16,35 10,13 &8 7287.34 I2.5

wtifizs the integration deta obtarned at NEL. !

i : £
This lata 13 sase: on the a.2rage of triplicate intzgrations.

R
X

w

o

IS

=

o

x

4, ide~tifies the iatagrat:on data obtained at Swrl.

t

t# fzlati.e ‘c the total nueter of gretans,

*,

. .‘\
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